Background-PPAR-␥ agonists improve insulin sensitivity and glycemic control in type 2 diabetes and may reduce atherosclerosis progression. Thus, PPAR-␥ agonists may be an effective therapy for metabolic syndrome. However, the full spectrum of potentially antiatherogenic mechanisms of PPAR-␥ agonists have not been fully tested in nondiabetic patients with metabolic syndrome. Methods and Results-We performed a prospective, double-blinded, placebo-controlled study of 60 nondiabetic subjects with low high-density lipoprotein cholesterol (HDL-C) level and metabolic syndrome to rosiglitazone 8 mg daily or placebo for 12 weeks. We found no significant effect of rosiglitazone on HDL-C (ϩ5.5% versus ϩ5.8%, Pϭ0.89), and an increase in total cholesterol (ϩ8% versus Ϫ1%; Pϭ0.03). Nevertheless, rosiglitazone significantly increased adiponectin (ϩ168% versus ϩ25%; PϽ0.001), and lowered resistin (Ϫ6% versus ϩ4%; Pϭ0.009), C-reactive protein (Ϫ32% versus ϩ36%, Pϭ0.002), interleukin (IL)-6 (Ϫ22% versus ϩ4%, PϽ0.001), and soluble tumor-necrosis factor-␣ receptor-2 (Ϫ5% versus ϩ7%, PϽ0.001). Conclusions-These findings suggest that rosiglitazone, presumably through its PPAR-␥ agonist properties, has direct effects on inflammatory markers and adipokines in the absence of favorable lipid effects. These findings may help explain the mechanism underlying the possible antiatherosclerotic effects of rosiglitazone. 
T he metabolic syndrome is characterized by depressed highdensity lipoprotein-cholesterol (HDL-C), elevated triglycerides, central obesity, impaired glucose tolerance, and elevated blood pressure. 1 These clinical factors underlie an overall insulin resistant and pro-inflammatory state. Approximately 44% of the US population older than age 50 years has the metabolic syndrome, 2 which is of concern, because it is associated with a 60% higher prevalence of coronary heart disease. 2 Synthetic peroxisome proliferator-activated receptor (PPAR)-␥ agonists, or thiazolidinediones (TZDs), including rosiglitazone and pioglitazone, improve insulin sensitivity, at least partly through PPAR-␥ activation in adipose tissue, 3 and improve glycemic control in type 2 diabetes. Rosiglitazone raises HDL-C levels from 3% to 13.6%, 4 -9 and lowers plasma CRP levels 10 in patients with type 2 diabetes. Thus, in patients with diabetes, rosiglitazone has a variety of effects that might reduce cardiovascular risk. Rosiglitazone has been shown to reduce the progression of carotid intimal-medial thickness, 11 and pioglitazone was recently shown to lower the incidence of the combined end point of death, myocardial infarction, and stroke in patients with diabetes. 12 A major question is whether these antiatherosclerotic effects of TZDs are secondary to favorable lipid effects or to other primary effects of PPAR-␥ activation. For example, macrophages express PPAR-␥, and TZD treatment of macrophages upregulates ABCA-1, enhances cholesterol efflux, and reduces the macrophage inflammatory response. 13 Studies with PPAR-␥ agonists in mice suggest that reduction in atherosclerosis may be mediated through direct effects on macrophages. 14 Although there are substantial data on the effects of TZDs in persons with diabetes, the body of data regarding TZDs in persons without diabetes is much less complete. To investigate the potential for direct effects of rosiglitazone on lipids and inflammatory markers, we performed a prospective, double-blinded study in which we randomized nondiabetic subjects with low HDL-C and metabolic syndrome to receive either rosiglitazone 8 mg daily or a matching placebo for 12 weeks. Our goal was to test the effect of rosiglitazone on lipids, adipokines, and inflammatory proteins in this subgroup of patients.
Methods

Study Participants
The study was approved by the Institutional Review Committees at the University of Pennsylvania and the Philadelphia Veterans Affairs Medical Center, and all participants provided written informed consent. Subjects were enrolled from outpatient practices between April 2003 and October 2004. The enrolled subjects included men and women between the ages of 18 and 75 years, with low HDL-C (Ͻ40 mg/dL for men and Ͻ50 mg/dL for women), and at least 2 of the following criteria: (1) abdominal obesity (waist circumference Ն40 inches in men and Ն35 inches in women); (2) blood pressure Ն130/85 mm Hg or the ongoing use of an antihypertensive agent; (3) fasting serum glucose level Ն110 mg/dL; and (4) fasting serum triglyceride level Ն150 mg/dL. Subjects were excluded if they had an LDL-C level Ն190 mg/dL, diabetes (defined by the use of antihyperglycemic medication or a fasting glucose Ն125 mg/dL), uncontrolled hypertension (Ͼ180/100 mm Hg), a serum triglyceride level Ͼ800 mg/dL, hepatic disease, vascular disease, a chronic inflammatory disorder, surgery within 30 days, active substance abuse, or any lipid-lowering therapy within the preceding 6 weeks.
Study Protocol
Subjects were randomized in a double-blind fashion to either rosiglitazone 8 mg or an identical matching placebo once daily for 12 weeks (GlaxoSmithKline, Inc). Randomization was performed by an unblinded investigational pharmacist, using a random number generator (Rando; Hawkeye Softworks). Participants were instructed to maintain their usual dietary and exercise habits. Study assessments were performed at baseline, 6 weeks, and 12 weeks for the following: (1) weight (Scale-Tronix digital scale; Scale-Tronix) and waist circumference; (2) blood pressure; (3) diet stability (through dietary records, obtained for 3 days before each visit, and analyzed with The Minnesota Nutrition Data System version 4.06 (University of Minnesota, Minneapolis, Minn); (4) exercise frequency (categorized as daily, 2 to 3 times per week, once per week, once per month, or never); (5) alcohol use; (6) bioelectrical impedance assessment of body composition (Quantum II Analyzer, RJL Systems); and (6) fasting blood samples for laboratory analyses.
Laboratory Analyses
Lipoprotein analyses were performed at baseline and 12 weeks on samples obtained after a 12-hour fast in a Centers for Disease Control-standardized lipid laboratory. Levels of total cholesterol, HDL-C, and triglycerides were measured with a Cobas Fara II autoanalyzer (Roche Diagnostic Systems, Inc) using Sigma reagents (Sigma Chemical Co). Very low-density lipoprotein cholesterol (VLDL-C) levels were determined after ultracentrifugation at a density of 1.006 g/mL. Levels of lipoprotein(a) [Lp(a)] were measured using DiaSorin reagents (DiaSorin Inc). Levels of free fatty acids, phospholipids, free cholesterol, apolipoprotein (apo)A-I, apoA-II, apoB, and apoC-III were measured on a Hitachi 912 autoanalyzer using Wako reagents (Wako Pure Chemical Industries). Insulin, leptin, and adiponectin levels were measured by radioimmunoassay (Linco Research, Inc). Lipoprotein subfractions were measured by proton nuclear magnetic resonance spectroscopy (LipoScience, Inc 
Statistical Analysis
We estimated a 10%Ϯ14% greater increase in HDL-C with rosiglitazone versus placebo. 4, 5, 7 To have 80% power to detect this difference, with a 2-tailed ␣ϭ0.05, we estimated the need for a sample size of 52 subjects. This sample size also provided 90% power, with a 2-tailed ␣ of 0.05, to detect a 25% greater decrease in CRP with rosiglitazone, compared with placebo. 10 Based on an estimated 15% dropout rate, we chose to enroll 60 total subjects. Only subjects who completed the study were included in the primary analyses.
Comparisons between groups for continuous variables were performed with analysis of covariance models, each containing the baseline value of the response variable and an indicator variable for treatment group. All data were assessed for a normal distribution before analyses. Levels of triglycerides, free cholesterol, free fatty acids, apolipoprotein C III, Lp (a), insulin, certain LDL and HDL subfractions, CRP, IL-6, sTNF-␣, adiponectin, and insulin resistance (HOMA) were skewed, and thus log-transformed before analyses. Resistin levels were not completely normalized by logtransformation and were thus analyzed using the Mann-Whitney test (Wilcoxon rank sum test). Dichotomous variables were compared by 2 analysis or logistic regression analyses. Comparisons of dietary nutrient composition between groups were made using the unpaired t test. Pearson correlation analyses were used to test correlations between non-normally distributed variables. Normally distributed continuous variables are given as means with SD, and non-normally distributed variables are given as medians with inter-quartile ranges. All analyses were performed using SPSS 11.5 (SPSS, Inc).
Results
The final study group included 30 subjects assigned to receive rosiglitazone and 27 subjects assigned to receive placebo ( Figure) . One subject was missing data for measurements of lipoprotein particle sizes, adipokines, and inflammatory markers, because of a laboratory error.
Fifty-three percent of the participants were black. There were no significant differences in baseline characteristics
Diagram of the flow of subjects through the study.
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between the study groups ( Table 2) were not significantly different between the rosiglitazone and placebo groups.
Changes in High-Density Lipoproteins
There was no significant difference in the change in HDL-C level between the rosiglitazone and placebo groups (ϩ5.5% versus ϩ5.8%, respectively; Pϭ0.89) or apolipoprotein A-I levels (Ϫ1.4% versus ϩ0.6%; Pϭ0.10), but a significantly greater increase in apolipoprotein A-II (ϩ16% versus ϩ3%; PϽ0.001) in the participants receiving rosiglitazone, compared with placebo ( Table 3 ). The subjects receiving rosiglitazone experienced a greater decrease in large HDL (Pϭ0.038) particles and a greater increase in medium-sized HDL particles (Pϭ0.033). There was no significant change in small HDL particle concentration (Pϭ0.092) ( Table 4) .
Changes in ApoB-Containing Lipoproteins
As shown in Table 3 , there were greater increases in levels of total cholesterol (ϩ9% versus Ϫ2%; Pϭ0.030), free (unesterified) cholesterol (ϩ14% versus Ϫ2%; Pϭ0.015), and non-HDL-C (ϩ9% versus Ϫ2%; Pϭ0.028) in the group receiving rosiglitazone compared with placebo. ApoB also increased more on rosiglitazone, (ϩ10% versus Ϫ2%; Pϭ0.021). Neither LDL-C (ϩ0% versus Ϫ4%; Pϭ0.42), VLDL-C (ϩ40% versus ϩ2%; Pϭ0.076) or triglyceride levels (ϩ4% versus Ϫ3%; Pϭ0.40) responded significantly differently in those receiving rosiglitazone compared with placebo. We did not find any significant effects of rosiglitazone treatment on LDL particle size (Table 4) . Values with an asterisk are skewed and given as the median with interquartile range. Other values are given as meansϮSD. P are for between-group comparisons of the changes between baseline and 12 weeks. Two subjects were excluded from the analysis of insulin, glucose, and HOMA-IR because of outlier values for fasting insulin (Ͼ100 U/mL).
Effects on Adipocytokines and Inflammatory Markers
We observed a highly significant 168% increase in adiponectin in the rosiglitazone group, compared with a 25% increase in the placebo group (PϽ0.001) ( Table 5) . We also observed a 6% decrease in resistin in the rosiglitazone group, compared with a 4% increase in the placebo group (Pϭ0.01) ( Table 5) . Those assigned to rosiglitazone experienced a greater decrease in CRP level (Ϫ32% versus ϩ36%; Pϭ0.002), IL-6 (Ϫ22% versus ϩ4%; Pϭ0.027), and sTNF-␣ R 2 (Ϫ5% versus ϩ7%; PϽ0.001) ( Table 5 ). In the group receiving rosiglitazone, there were significant correlations between the changes in resistin and changes in both IL-6 (rϭ0.55, 
Safety and Tolerability
The average adherence with study medication was 95%Ϯ5% for rosiglitazone and 95%Ϯ5% for placebo (Pϭ0.66). There were 30 mild to moderate adverse events reported by 17 individuals receiving rosiglitazone and 30 mild to moderate events by 14 individuals receiving placebo (Pϭ0.35). One subject assigned to rosiglitazone experienced a substantial 
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increase in total cholesterol and triglycerides, requiring termination from the study 1 week early.
Discussion
We investigated the effects of rosiglitazone on lipoproteins, adipokines, and inflammatory markers in patients with low HDL-C and metabolic syndrome. Our subjects were obese, highly insulin-resistant, and included 53% blacks. Rosiglitazone modestly increased total cholesterol, LDL-C, and non-HDL-C, had no significant effect on HDL-C, but had favorable effects on adipokines and inflammatory markers. Our finding that rosiglitazone did not raise HDL-C in patients with metabolic syndrome are consistent with the findings from 3 previous studies of patients without diabetes, 2 involving patients with coronary artery disease 11, 16 and 1 involving nonobese patients with metabolic syndrome. 17 We found no effect of rosiglitazone on apoA-1 levels, but an increase in apoA-II levels. ApoA-II has been associated with visceral fat accumulation and impaired catabolism of large VLDL particles. 18 It is thus intriguing to speculate that upregulation of apoA-II may contribute to an increase in VLDL-C levels, the most readily available clinical measure of triglyceride-rich remnant lipoproteins. In our study, mean VLDL-C concentration increased by 40% on rosiglitazone, although this change did not differ significantly from the placebo group.
In contrast, we found overall favorable effects of rosiglitazone on adipokines, including a significant increase in adiponectin levels. This increase in adiponectin may be attributable to a direct effect of rosiglitazone on adipocytes, and possibly macrophages. 19 Adiponectin has been shown to play a role in modulating insulin sensitivity 20 and to be increased by rosiglitazone in patients with diabetes. 20 Furthermore, increasing quintiles of adiponectin levels have been associated with decreased risk of myocardial infarction. 21 Our study demonstrates that rosiglitazone lowers resistin levels in patients with metabolic syndrome, as recently demonstrated in one small study of 14 patients with type 2 diabetes. 22 Resistin was originally found to be secreted by adipocytes in mice, in which it caused impaired insulin action. 23 In humans, however, resistin is predominantly produced by macrophages in response to inflammatory stimuli and is almost undetectable in adipose tissue. 15 Rosiglitazone may thus have a direct effect on resistin expression, such as through macrophage PPAR-␥ activation. We have recently shown that resistin levels independently correlate with degree of coronary artery calcification. 15 Rosiglitazone also significantly reduced levels of CRP, IL-6, and sTNF-␣ R 2 . Similar responses for CRP and IL-6 were previously found in patients with diabetes. 10 We found a significant correlation between the rosiglitazone-induced changes in resistin and changes in the inflammatory markers IL-6 and sTNF-␣ R 2 . These findings are consistent with our previous findings of a significant correlation between baseline levels of resistin and sTNF-␣ R 2 . 24 Rosiglitazone has been shown to lower CRP in nondiabetic patients with coronary artery disease 16 and in nonobese Taiwanese patients with metabolic syndrome. 17 The HDL effects of rosiglitazone differ from those of pioglitazone. The recently published GLAI study directly comparing rosiglitazone and pioglitazone in patients with diabetes showed a 14.9% increase in HDL-C with pioglitazone versus a 7.8% increase with rosiglitazone. 25 Furthermore, we recently performed a study with pioglitazone in patients with metabolic syndrome that was similar in design to the current study, and showed a 14% increase in HDL-C with pioglitazone. 26 In patients with diabetes, pioglitazone also reduced triglycerides to a greater extent than rosiglitazone, 25 although this could have been influenced by their selection of patients with elevated baseline triglyceride levels. Similarly, in our 2 separate studies in nondiabetic subjects with metabolic syndrome, pioglitazone reduced triglycerides more than rosiglitazone. The mechanism underlying these differential effects between agents considered to be ligands for the same PPAR-␥ receptor remains unclear. However, a previous study has shown incompletely overlapping transcriptional regulation by TZDs. 27 Pioglitazone has been suggested to have modest effects on activating PPAR-␣, which could contribute to its more potent effects on HDL-C and triglyceride levels. 28 Whereas neither apoA-I production rate nor fractional catabolic rate appears to be affected by pioglitazone, apoC-III was reduced by pioglitazone, consistent with a PPAR-␣ effect. 29 This effect may account for the decrease in triglyceride concentration with pioglitazone, and could indirectly increase HDL-C via CETP-mediated exchange of VLDL triglycerides for HDL cholesterol. Interestingly, pioglitazone has been shown to increase expression of fatty acid oxidation enzymes in adipose tissue, as well as increase expression of PPAR-␣ itself, which might also contribute to changes in triglycerides and/or HDL. 30 Both rosiglitazone and pioglitazone exerted potent antiinflammatory effects and more than doubled adiponectin levels in our studies.
Although randomized, double-blinded, and placebocontrolled, our study had important limitations. We estimated insulin resistance through the use of the HOMA index, whereas dynamic measures, such as the frequently sampled intravenous glucose tolerance test, are better validated. Our observed 26% reduction in HOMA-IR with rosiglitazone is consistent with that found in previous studies in patients without diabetes. 16, 17 The fasting glucose levels in the control group were higher at baseline than in the rosiglitazone group, and the comparable decrease in HOMA-IR in the control group may be attributable to the decrease in fasting glucose level in this group between baseline and follow-up, representing regression to the mean. There was no measurable change in weight, exercise, or other lifestyle that would otherwise have accounted for this change. Third, we used a 12-week treatment period, and 1 previous study suggested that the Values are provided as median with interquartile range. P are for between-group comparisons of the changes in variables between baseline and 12 weeks. Two additional subjects (1 from each group) were excluded in the analyses for inflammatory markers and adipokines, one because of a urinary tract infection, and another because of gout. metabolic response to rosiglitazone may evolve over a 1-year period of time. 9 Last, our study was also limited by the inclusion of a small number of women.
In this prospective, double-blinded study, in which 60 nondiabetic patients with metabolic syndrome were randomized to rosiglitazone 8 mg or placebo for 12 weeks, we found that rosiglitazone had modestly unfavorable overall effects on plasma lipids but significantly raised adiponectin levels and reduced resistin as well as other markers of inflammation. Thus, our data support the concept that the potential antiatherosclerotic effects of rosiglitazone may be partly related to direct effects on adipokines and inflammation. The ongoing Rosiglitazone Evaluated for Cardiac Outcomes and Regulation of Glycemia in Diabetes (RECORD) Trial will test whether rosiglitazone lowers the incidence of cardiovascular events. A reduction in cardiovascular events with rosiglitazone in this trial would more likely reflect rosiglitazone's favorable effects on adipokines and inflammation than its lipid-related effects.
